Introduction
============

Vitamin D deficiency is a common and increasing problem all over the world, and concerns have been raised that there may be an epidemic of such deficiency in pregnancy ([@B1], [@B2]). Poor vitamin D status during pregnancy was associated with an increased risk of many adverse obstetric outcomes, including insulin resistance ([@B3]), gestational diabetes mellitus ([@B4], [@B5]), preeclampsia ([@B6]), bacterial vaginosis ([@B7]), preterm delivery ([@B8]), and cesarean section ([@B9]). Moreover, deficient vitamin D status during pregnancy may have adverse consequences for offspring development and growth explored ([@B10], [@B11]).

Small for gestational age (SGA) is usually defined as neonates with birth weights below the 10^th^ percentile for their gestational age or/and length at least 2 standard deviations below the mean for gestational age ([@B12]). Small for gestational age increased the risk of infant morbidity and metabolic disease in adulthood ([@B13], [@B14]). However, the link between vitamin D status and small for gestational age has been explored by a number of studies worldwide with mixed results. Vitamin D deficiency during pregnancy is associated with an increased risk of small for gestational age. For instance, pregnant women with vitamin D concentrations less than 20 ng/mL had 6.47 times (95%CI: 4.30, 9.75) higher risk of SGA compared to those with vitamin D concentrations greater than 30 ng/mL ([@B15]). Women with deficient vitamin D levels had infants with a higher risk of SGA (OR=2.4, 95%CI:1.9,3.2) ([@B16]). In contrast, other studies ([@B17]--[@B19]) demonstrated no significant associations between vitamin D deficiency and SGA. Thus, a meta-analysis showed that insufficient serum levels of 25-OHD were associated with several adverse pregnancy outcomes including SGA ([@B20]). However, this study included studies published before year 2012 and not analyzed the mean difference of 25-OHD between SGA and non-SGA group. In addition, they did not analyze the associations between different cut-offs of vitamin D deficiency and risk of SGA. Furthermore, it also not conducted sensitivity analyses to explore potential sources of heterogeneity.

Therefore, we carried out this meta-analysis aim to evaluate the association between vitamin D deficiency and risk of SGA though providing more precise estimation and more sufficient evidence.

Methods
=======

This meta-analysis was conducted and reported in accordance with the STROBE checklist (Strengthening the Reporting of Observational Studies in Epidemiology) ([@B21]).

Data sources
------------

We performed a systematic literature search of PubMed, Web of Science, Medline, Embase and the Cochrane Library using the following search limiters: publication studies from Jan 2006 to Dec 2016, studies in humans and studies written in English. To search for the literature between vitamin D and risk of SGA comprehensively, we used the following search syntax: ("vitamin D" or "cholecalciferol" or "25-hydroxyvitamin D" or "25-OHD") and ("small for gestational age" or "SGA" or "fetal outcome" or "pregnancy outcome").

Additionally, we checked the reference lists of identified reports for other potentially relevant studies. We also contacted the authors to ask for additional information and unpublished data as needed.

Eligibility criteria and study selection
----------------------------------------

Original articles exploring the relationship between maternal vitamin D and pregnancy outcomes were reviewed and included if they met the following criteria: (a) the study population included individuals up to 16 yr of age; (b) subjects were pregnant women without HIV infection, syphilis infection or severe illness; (c) women with singleton gestation were included; (d) maternal blood samples were taken for assays of 25 (OH)D during pregnancy or at delivery; (e) small for gestational age was the pregnancy outcome, and the control group consisted of women without SGA; (f) SGA was defined as neonates with birth weights below the 10^th^ percentile for their gestational age but not below the 5^th^ percentile for gestational age; (g) vitamin D deficiency was defined as a 25-OHD level below 50 nmol/L (20ng/mL); (h) the subjects were pregnant women without dietary or exercise intervention during pregnancy; (i) sample size, SGA events and odd ratios (OR) or relative risk (RR) with 95% confidence intervals (CI) were presented, or information was provided used to infer these results.

Data extraction and study quality evaluation
--------------------------------------------

Two reviewers screened abstracts and titles to identify whether articles needed further review. To determine which papers were to be included, two reviewers independently screened the full text of identified articles against the inclusion criteria. An article was retained if either reviewer believed that it should be retained. We resolved any disagreements through consensus or arbitration by a third reviewer (XHL). We developed a data extraction procedure from included studies to collect key indicators of study quality using meta-analysis of observational studies in epidemiology standards. We extracted the characteristics of each included study, including the first author's last name, year of publication, study design, location of study, sample size, events of SGA, methods of maternal 25-OHD assay, the level of vitamin D between SGA and non-SGA groups, prevalence of vitamin D deficiency, gestational age of sampling and the confounding factors included in the adjustments.

To assess the methodological quality of studies with an observational design, and in view of the fact that all but one of the studies reviewed had this type of design, we used the STROBE statement checklist to assess the methodological quality of the studies. Of the 22 items that make up the list, the 9 related to the methods section were selected (Appendix A). The methodological quality was classified as follows: articles that met 0--3 of 9 items were considered to have low methodological quality, those with 4--6 items had medium quality, and those with 7--9 items had high methodological quality.

Statistical analysis
--------------------

RevMan Software (version5.3, Cochrane Collaboration, London, UK) was used to generate pooled effects estimated for all outcomes with data from more than one eligible study. The association between vitamin D deficiency and SGA was reported in various ways, including proportions, odds ratios (95% confidence intervals (CI)), means (standard deviations), and median (inter-quartile ranges). Moreover, we converted medians and interquartile ranges into means and standard deviations using previously outlined methods if available ([@B22]). For studies with continuous outcomes, we generated mean differences, and for dichotomous outcomes, we calculated pooled odds ratios and 95%CI.

In studies that reported outcomes as proportions in two or more cut-off categories, we combined the numbers to create a category of deficiency for SGA, and we defined deficiency as a serum concentration less than 50nmol/L.

We used forest plots to visually assess pooled estimates effects and 95%CI for each study. Moreover, we quantified heterogeneity using *I*^2^ and the *I*^2^ statistic with a value \>50% deemed to indicate substantial heterogeneity and *P\<*0.05 considered statistically significant. Once the effect was found to be heterogeneous, a random effects model was used. Otherwise, a fixed effects model was used.

Funnel plots were used to examine the potential publication bias. Subgroup analysis and sensitivity analysis were performed to examine the possible reasons for heterogeneity. Subgroup analysis was conducted according to different study designs (cohort or nested case-control study) and gestational age of sampling. We also investigated the effect of a single article on the heterogeneity and overall risk estimated by removing one article in each turn. Two-tailed values of *P*\<0.05 were considered statistically significant.

Results
=======

The literature search identified 223 articles pertaining to the association between maternal vitamin D and small for gestational age. After the initial screening of abstracts and titles, 49 papers were identified for further review by independent reviewers. After full-text review, 23 studies did not meet the inclusion criteria, 10 articles were reviews, and 4 articles had insufficient data. Finally, 12 studies were included in this meta-analysis. The screening process is shown in [Fig. 1](#F1){ref-type="fig"}. The included studies meeting the STROBE checklist ranged from 7 to 9 items, which indicates that the methodological quality of included studies was medium or high. The results are shown in [Table 1](#T1){ref-type="table"}.
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###### 

Characteristics of observational studies included in this meta-analysis

  ***First Author (yr)***           ***Country***   ***Study Design***    ***Sample Size***   ***SGA (n)***   ***Assay Method[^1^](#TFN1){ref-type="table-fn"}***   ***Mean 25-OHD(nmol/L)***             ***GAS(weeks)[^4^](#TFN4){ref-type="table-fn"}***   ***Prevalence[^5^](#TFN5){ref-type="table-fn"}***   ***Adjustment[^6^](#TFN6){ref-type="table-fn"}***   ***MQ[^7^](#TFN7){ref-type="table-fn"}***   
  --------------------------------- --------------- --------------------- ------------------- --------------- ----------------------------------------------------- ------------------------------------- --------------------------------------------------- --------------------------------------------------- --------------------------------------------------- ------------------------------------------- --------
  Bodnar (2010)([@B23])             USA             Nested case-control   1198                111             ELISA                                                 NA[^8^](#TFN8){ref-type="table-fn"}   NA                                                  \<22                                                NA                                                  a,b,c,d,e,f,g,h,i                           Medium
  Burris (2012)([@B24])             USA             Prospective cohort    1303                53              CLIA,RIA                                              NA                                    NA                                                  26--28                                              NA                                                  a,c,d,j                                     Medium
  Boyle (2016)([@B25])              New Zealand     Prospective cohort    1170                170             LC-MS                                                 70.6±29.0                             NA                                                  15                                                  21.5%                                               a,j                                         High
  Fernandez-Alonso (2011)([@B26])   Spain           Prospective cohort    466                 33              ECLIA                                                 NA                                    NA                                                  \<14                                                23.4%                                               No                                          Medium
  Gernand (2013)([@B27])            USA             Prospective cohort    2146                395             LC-MS                                                 NA                                    NA                                                  14--26                                              NA                                                  a,b,c,d,f,j                                 Medium
  Gernand (2014)([@B28])            USA             Prospective cohort    792                 103             LC-MS                                                 57.9±29.9                             64.8±29.3                                           \<26                                                NA                                                  a,j,l                                       High
  Leffelaar(2010)([@B16])           Netherlands     Prospective cohort    3730                343             EIA                                                   NA                                    NA                                                  12                                                  21.4%                                               a,b,d,                                      High
  Morgan(2016)([@B18])              Canada          Nested case-control   7929                301             CLIA                                                  63.6±24.7                             64.5±22.9                                           At delivery                                         NA                                                  c,d                                         High
  Ong(2016)([@B29])                 Singapore       Prospective cohort    1247                120             LC-MS                                                 NA                                    NA                                                  26--28                                              13.2%                                               a,b,d,j                                     High
  Schneuer(2014)([@B30])            Australia       Nested case-control   5109                388             AIA                                                   55.3±20.0                             56.9±19.9                                           \<14                                                40.1%                                               b,c,d, m,n                                  High
  Weinert(2016)([@B31])             Brazil          Prospective cohort    184                 98              CLIA                                                  NA                                    NA                                                  26--28                                              53.3%                                               a,b,c                                       High
  Zhou(2014)([@B17])                China           Prospective cohort    1953                11              ELISA                                                 NA                                    NA                                                  16--20                                              18.9%                                               No                                          Medium

Assay Method: AIA: automated immunoassay; CLIA: chemiluminescence immunossay; EIA: enzyme immunossay; ELISA: electrochemiluminescence immunossay; LC-MS: lipid chromatography-tandem mass spectrometry; RIA: radioimmunoassay; //

SGA: small for gestational age;

NSGA: non-small for gestational age; //

GAS: Gestational age of sampling;

Prevalence: prevalence of maternal vitamin D deficiency; //

Adjustments: a:pre-pregancy BMI; b: Smoking during pregnancy; c: season of blood draw; d: maternal age; e: gestational age at blood sampling; f: marital status; g: insurance status; h: smoking in the year before pregnancy; i: multivitamin use; j: race; k: gestational week of blood sample; l: allocation; m:materal weight; n:country of birth //

MQ: methodological quality;

NA: not available

Study characteristics
---------------------

The characteristics of the studies included in this meta-analysis are presented in [Table 1](#T1){ref-type="table"}. These studies were published from 2010 to 2016. Four studies were conducted in the USA, and one each in Spain, Singapore, Netherlands, New Zealand, Canada, China, Brazil, and Australia. Three articles were nested case-control study designs, and the rest were prospective cohort study designs.

According to the gestational age of sampling, three studies measured the maternal 25-OHD level in the first trimester (\<14 wk). Five studies measured samples in the second trimester (14--26 wk), three studies measured samples in the third trimester (\>26 wk) and one study collected samples at delivery.

Of these studies, ten explored the association between maternal vitamin D levels below 50 nmol/L and risk of SGA, and three studies explored the association between maternal vitamin D levels below 37.5 nmol/L and risk of SGA. However, only three studies explored the mean difference in maternal vitamin D levels between SGA and non-SGA groups.

Overall, data were available from 19027 participants, of whom 2218 (11.7%) were diagnosed with SGA. Additionally, the prevalence of vitamin D deficiency among pregnant women ranged from 13.2% to 53.3% if available.

Main analysis
-------------

The association between maternal vitamin D deficiency (25-OHD levels \<50nmol/L) and risk of SGA is presented in [Fig. 2](#F2){ref-type="fig"}.

![The association between maternal vitamin D deficiency and risk of SGA](IJPH-47-1785-g002){#F2}

Ten studies involving 16,470 pregnant women were included.

Small for gestational age was found to be associated with 25-OHD deficiency compared with the control group, with a pooled odds ratio based on a random effects model of 1.41 (95%CI:1.14,1.75) with moderate heterogeneity (*I*^2^=62%, *P*=0.005). Moreover, the pooled odds ratio was 1.30 (95%CI: 1.12, 1.52) between maternal vitamin D concentrations below 37.5 nmol/L and risk of SGA based on a fixed effects model (*I*^2^=0%, *P*=0.94).

In [Fig. 3](#F3){ref-type="fig"}, we show a comparison of the mean difference between the SGA group (experimental group) and control group based on three studies involving 6414 pregnant women. The pooled effect was −1.75 nmol/L (95%CI: −3.23, −0.27) with low heterogeneity (*I*^2^=33%, *P*=0.22).
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Sensitivity and Subgroup Analysis
---------------------------------

Heterogeneity was moderate in our meta-analyses (*I*^2^=62%, *P*=0.005). To explore the source of statistical heterogeneity of the included studies, sensitivity and subgroup analyses were conducted. A study was responsible for most of the heterogeneity ([@B16]). After excluding this study, heterogeneity was much lower among the remaining studies (*I*^2^=42%, *P*=0.09), and the pooled OR was 1.25 (95%CI:1.10, 1.41). Furthermore, there were no obvious changes in the pooled ORs as a result of the exclusion of any other single study. The pooled ORs ranged from 1.25(95%CI: 1.10, 1.41) to 1.49(95%CI: 1.19, 1.88), and each was statistically significant.

We conducted subgroup analysis between vitamin D deficiency and risk of SGA according to different study designs (cohort or nested case-control) and different gestational age of sampling (gestational age of sampling \<16 or ≥16 wk). The pooled OR between vitamin D deficiency and risk of SGA was 1.14(95%CI: 0.98, 1.33) based on two nested case-control studies (*I*^2^=0%, *P*=0.45) and was 1.67(95%CI:1.44, 1.95) based on cohort studies (*I*^2^=39%, *P*=0.12). Additionally, the pooled OR between vitamin D deficiency and risk of SGA was 1.37(95%CI:1.00,1.88, when maternal blood was sampled to measure the levels of 25-OHD at gestational age \<16 wk. The pooled OR was 1.49 (95%CI:1.05,2.12) at gestational age ≥ 16 wk.

We did not conduct a subgroup analysis of BMI, race, season, or location of study due to insufficient data in some studies.

Bias
----

Visual assessment of funnel plots showed that the studies were distributed fairly symmetrically about the combined effect size, showing that no obvious publication bias was observed in this meta-analysis. Additionally, the risk of bias graph is presented in [Fig. 4](#F4){ref-type="fig"}.
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Discussion
==========

Scientific understanding of the importance of maternal vitamin D during pregnancy for risk of SGA is growing rapidly, and our review consolidated a great deal of new information from observational studies not incorporated in a prior meta-analysis.

We performed a comprehensive search of PubMed, Medline, Web of Science, Embase and the Cochrane Library, which indexed the majority of scientific journals. Moreover, we searched these databases using a well-defined search strategy and we also screened the reference lists of all included studies and previous related reviews of this topic. For inclusion criteria of the studies, we formulated strict standards for subjects, a clear definition of SGA and a cut-off for vitamin D deficiency. We also detailed the methodological limitations of the included studies based on the STROBE checklist to ensure the quality of the evidence.

We systematically reviewed twelve observational studies that investigated the association between vitamin D deficiency and risk of SGA. From the limited evidence, maternal vitamin D deficiency (25-OHD below 50nmol/L) was associated with an increased risk of SGA(pooled OR=1.41, 95%CI:1.14,1.75), and the maternal vitamin D concentration of the SGA group was 1.75nmol/L less than the control group based on three studies. The findings of this pooled analysis are partially consistent with the positive association observed between vitamin D deficiency and risk of SGA in a meta-analysis conducted up to the year 2012 ([@B32]), which found that pregnant women with vitamin D concentrations less than 50 nmol/L experienced an increased risk of SGA (pooled OR=1.52,95%CI:1.08--2.15). Compared to that study, we covered the newest studies and conducted a subgroup analysis to explore potential sources of heterogeneity. Moreover, we also analyzed the mean difference of vitamin D levels between SGA and non-SGA groups.

In fact, the mean difference between the SGA and the non-SGA group was weak and may not be practically useful for clinical treatment compared with the diagnosis of vitamin D deficiency. On one hand, we converted medians and inter-quartile ranges to means and standard deviations for vitamin D levels, with a non-Gaussian distribution, reducing the precision of a study ([@B30]). On the other hand, there was a lack of sufficient data extracted to identify the association between vitamin D levels and SGA.

An interesting finding in our subgroup analysis indicated that the sampling time point of maternal vitamin D was associated with risk of SGA. Maternal vitamin D deficiency was associated with 37% and 49% increased risk of SGA when maternal blood samples were measured before and after 16 wk of gestational age, respectively. These results are comparable with other meta-analyses. The pooled odds ratio was 1.77(95%CI:1.43,2.19) between maternal vitamin D deficiency and risk of SGA when the gestational age of sampling was \<16 wk, and the pooled odds ratio was 2.69 (95%CI: 1.45,5.01) between maternal vitamin D deficiency and risk of SGA when the gestational age of sampling was \>16 wk ([@B20]). There are three potential reasons for this inconsistency. First, Aghajafari's review included pregnant women with HIV infection. Second, the review defined SGA as neonates with birth weights below the 5^th^ percentile for their gestational age. Third, the cut-off for vitamin D deficiency was below 37.5 nmol/L, whereas that of our study was below 50 nmol/L.

From the funnel plots in the current meta-analysis, there was no obvious publication bias. Moreover, there was moderate heterogeneity for the pooled OR between vitamin D deficiency and risk of SGA. Due to the association between vitamin D concentrations below 37.5nmol/L only being included in three studies and nearly nonexistent heterogeneity (*I*^2^=0%, *P*=0.94), we did not conduct sensitivity and subgroup analyses. For vitamin D concentrations below 50 nmol/L, our sensitivity analysis showed that in Netherlands ([@B16]) contributed to the heterogeneity. There may be other factors contributing to heterogeneity in the current meta-analysis. First, there is still a lack of clear and uniform standards for defining vitamin D deficiency. Second, the different assay methods used to quantify 25-OHD levels may be an important factor when evaluating the risk of vitamin D deficiency. Third, the seasons of sampling, pregnant women of race, pregnancy BMI, maternal age and smoking during pregnancy were confounding factors of the association between maternal vitamin D deficiency and risk of SGA.

Vitamin D has immunomodulatory roles during pregnancy that enable successful implantation by attenuating decidual T-cell function ([@B33], [@B34]). However, the biological mechanism through which vitamin D deficiency during pregnancy elevates the risk of SGA infants remains obscure. Increasing evidence demonstrates that vitamin D has an anti-inflammatory activity ([@B35], [@B36]). Additionally, maternal vitamin D deficiency may result in abnormal maternal calcium metabolism in the myometrium ([@B37]) or alter placental function ([@B38], [@B39]). Moreover, low maternal vitamin D may affect fetal bone in the case of low calcium intake ([@B40]) and lost regulation of glucose metabolism, which affects fetal mass ([@B41]).

Seasons and latitude were the influencing factors for vitamin D. Vitamin D deficiency is typical in high-latitude and during winters and no vacation in sunny regions ([@B42], [@B43]), characterized by short periods of sunlight exposure. The prevalence was 13.2% in Singapore (1 °N) and 40.1% in New South Wales (34 °S). Therefore, vitamin D supplementation is a feasible way for pregnant women to maintain sufficient vitamin D levels. However, the preventive effect of vitamin D supplementation on neonatal outcomes has not be recognized. For instance, a meta-analysis that included thirteen RCTs found that the incidence of GDM, preeclampsia, preterm birth and SGA were not influenced by vitamin D supplementation ([@B44]). Another meta-analysis included five RCTs showed a protective effect of vitamin D supplementation on low birthweight and a non-significant but suggestive effect on daily vitamin D supplementation on small for gestational age (RR=0.67,95%CI:0.40,1.11) ([@B45]). Therefore, additional larger randomized trials are required to define the benefits of vitamin D supplementation in reducing the incidence of SGA, and focusing on reducing SGA and its consequences are needed to more accurately evaluate the potential benefits of these low-cost interventions in the future. There were also several limitations in this meta-analysis. First, the effect of vitamin D levels under 50 nmol/L with risk of SGA should be observed. The effect of vitamin D deficiency with risk of SGA maybe overestimated when the SGA events induced by severe vitamin D deficiency (vitamin D concentration below 30 or 25 nmol/L) were combined into one group. Hence, it would be more accurate if the effects of the association between different cut-offs and risk of SGA were analyzed separately. Second, we were unable to show a dose-response relationship between the different levels of maternal vitamin D deficiency and risk of SGA. This may be due to the lack of sufficient data about different cut-offs of vitamin D deficiency and risk of SGA. This needs to be dealt with in future studies, and further work on what defines a standard normal and deficient level of 25-OHD in pregnancy is required. Third, the publication bias of our meta-analysis was only visualized through funnel plots but not quantification by Begg's and Egger's tests. Fourth, our meta-analysis was only based on observational studies, and the possibility of selection bias, misclassification bias related to exposure, and failure to consider residual or un-measured confounding factors cannot be ruled out. The assessment methods for vitamin D concentrations may also vary between the studies.

Conclusion
==========

Vitamin D deficiency was associated with an increased risk of small for gestational age. The pooled odds ratio was 1.41 (95%CI:1.14, 1.75) between the association of vitamin D levels less than 50 nmol/L and risk of SGA. For further studies, the dose-response effect of different cutoffs of vitamin D deficiency should be observed and researched. More studies are needed to better understand the effect of maternal vitamin D levels on risk of small for gestational age, and well-designed trials are required to determine the effect of vitamin D supplementation on the prevention of SGA in the future.
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